Introduction {#sec1-1}
============

Foot‐and‐mouth disease (FMD) has become a major problem affecting many livestock of agricultural importance in several countries across different continents. Because FMD spreads rapidly and widely and has grave economic consequences [1](#bib1){ref-type="ref"}, it has become one of the animal diseases that livestock owners fear most. The outbreaks of FMD in cattle and swine during 2000 in the United Kingdom have more recently focused worldwide attention on this deadly animal disease [2](#bib2){ref-type="ref"}. As a member of the family *Picornavirus*, foot‐and‐mouth disease virus (FMDV) is a non‐enveloped, icosahedral virus and the protein capsid encloses a single strand of positive sense RNA. After infection, the viral genome is translated and then cleaved via viral proteases into the mature structural and non‐structural proteins [3](#bib3){ref-type="ref"}. The capsid consists of four proteins: VP1, VP2 and VP3 are assembled on the surface of the viral particle and fold as eight‐stranded β‐barrels, whereas VP4 is an internal core protein and less structurally conserved [4](#bib4){ref-type="ref"}.

Immunological studies of FMDV have identified that linear and conformational sites are present on both empty capsids and virions [5](#bib5){ref-type="ref"}, [6](#bib6){ref-type="ref"}, [7](#bib7){ref-type="ref"}, and that the antisera raised against empty capsids have serological specificity which is indistinguishable from that of sera prepared against FMD virions [8](#bib8){ref-type="ref"}. The VP1 capsid protein has been shown to contain major antigenic determinants. In some instances of protein and peptide vaccines, although the total reactivity of antibodies is high, the level of neutralizing antibodies in comparison is low [9](#bib9){ref-type="ref"}, [10](#bib10){ref-type="ref"}. It was further proposed that the loop of VP1 in the naturally occurring virus could display multiple conformations, and this may elicit a different population of antibodies during immune responses [11](#bib11){ref-type="ref"}, [12](#bib12){ref-type="ref"}.

Due to the apparent complexities of various immune reactivities that can be generated against this virus, FMDV may serve as an attractive experimental model for studying gene‐based vaccines. Directing the immunogens encoded by the cDNA vectors to undergo the endogenous processing pathway after transgene expression in host cells may lead to an effective cell‐mediated (Th1) and humoral (Th2) protective immunity [13](#bib13){ref-type="ref"}, [14](#bib14){ref-type="ref"}. The immune response against FMDV has been shown as T‐cell‐dependent [15](#bib15){ref-type="ref"}, and therefore the DNA vaccine strategy may also serve as a good strategy to solicit both humoral and cell‐mediated immune responses. In animals immunized with inactivated vaccines, a good correlation between neutralizing antibody and protection has been observed [16](#bib16){ref-type="ref"}, and such a correlation has not been well established with animals immunized with non‐viral vaccine strategies. These limitations probably have reflected the difficulties of reproducing or mimicking the immunogenicity of an entire viral particle in using simple antigen preparations. Various pieces of evidence suggest that the simpler the epitopic composition of a vaccine, the lower the chances of conferring a solid protection against natural isolates of viruses [17](#bib17){ref-type="ref"}, [18](#bib18){ref-type="ref"}, [19](#bib19){ref-type="ref"}, [20](#bib20){ref-type="ref"}. Therefore, new vaccine strategies may need to employ many or most of the epitopes or in permutations to represent the virus particles.

Previously, Mason and colleagues have developed two types of DNA vaccine against the FMDV serotype A12 [21](#bib21){ref-type="ref"}, [22](#bib22){ref-type="ref"}, [23](#bib23){ref-type="ref"}. One contains a full‐length cDNA of the FMDV genome and the other a cDNA construct containing the P1‐2A and 3C (proteases) encoding regions which have been shown to elicit neutralizing antibody and have partially protected test pigs against viral infection [21](#bib21){ref-type="ref"}, [22](#bib22){ref-type="ref"}, [23](#bib23){ref-type="ref"}. According to these cDNA constructs, it seems that capsid formation *in situ* is required for effective immunization [22](#bib22){ref-type="ref"}, [23](#bib23){ref-type="ref"}, [24](#bib24){ref-type="ref"}, [25](#bib25){ref-type="ref"}. The immunogens produced by capsid assembly may provide efficacious conformational epitopes [22](#bib22){ref-type="ref"}, [24](#bib24){ref-type="ref"}. Huang *et al.* [26](#bib26){ref-type="ref"} and Wong *et al.* [27](#bib27){ref-type="ref"} designed another approach, where several plasmids encoding various FMDV epitopes and leading signal peptide sequence were employed in the study. Swine inoculated with pCEIS plasmid encoding two major epitopes (site A and C) of FMDV serotype O and a host self immunoglobulin can provide protection against direct FMDV challenge [27](#bib27){ref-type="ref"}.

To discriminate differences between vaccinated and virus‐infected animals and to reduce the potential risk of such DNA vaccines, we intentionally did not include the viral protease‐encoding genes (e.g. 2AB, 3BC) in the expression vector design. We evaluated three different strategies of cDNA constructs for transgenic expression of VP1 or the whole P1 capsid protein. Two physical means for direct DNA delivery *in vivo* were employed in this study, including gene‐gun‐ and electroporation‐mediated transfection into skin and muscle tissues, respectively. The possible applications of the current experimental system for future vaccine or virological studies of FMDV are discussed.

Materials and methods {#sec1-2}
=====================

Virus culture {#sec2-1}
-------------

Preparations of FMD serotype O Taiwan viruses from the 1997 epidemic strain were a generous gift from the National Institute for Animal Health (NIAH), Tansui, Taipei, Taiwan. FMDV was propagated in baby hamster kidney (BHK)‐21 cells. Host cells were first cultured in complete RPMI 1640 medium (Gibco) until a monolayer of approximately 80% confluence was formed; FMDV was then added to infect cells for 45 min. Conditioned culture medium was collected after 75% of the cytopathogenic effect of the BHK‐21 cells was reached. Fresh preparations were used within 1 day or stored frozen until use.

Construction of cDNA expression vectors for DNA vaccine {#sec2-2}
-------------------------------------------------------

In this study, we used the vector pIBSY1, which was modified from the p3224 mammalian expression vector containing the marker of kanamycin resistance for selection in *E. coli*, and an SV40 intron A sequence immediately following the CMV promoter for expression in mammalian cells, for construction and DNA immunization. In brief, plasmids pIBSY1‐VP1, pIBSY1‐L‐VP1 and pIBSY1‐P1 contained the capsid protein VP1 cDNA, a leader sequence of the pseudorabies virus glycoprotein C linked to the VP1 cDNA, and capsid precursor protein P1 (VP1‐4) cDNA gene of FMDV type O/Taiwan/97, respectively. The VP1 and P1 gene fragments were purified from agarose gel and subcloned into the EcoR I site and BamH I site of the pIBSY1 vector following the standard cloning procedure. The plasmid of pIBSY1‐L‐VP1 was subcloned from a plasmid containing a leader sequence of the pseudorabies virus glycoprotein C [28](#bib28){ref-type="ref"} (a generous gift from Dr. Ching‐Hua Chang) that was digested with Hind III and EcoR I and blunt‐end ligated into the pIBSY1‐VP1 vector. We prepared a pIBSY1‐P1 vector that contains all of the viral structural proteins. The resulting ligation mixture was used to transform *E. coli* DH5‐α competent cells (Gibco, Grand Island, NY, USA). Restriction endonuclease digestion mapping and authenticity of the sequence of inserted DNA was verified by an ABI 377 autosequence analysis. The constructed plasmids were subsequently purified using an EndoFree Plasmid Mega kit (Qiagen, CA, USA) and found to contain less than 4.5 EU/ml of endotoxin as determined by using the Limulus amoebocyte lysate analysis kit (QCL‐1000, BioWhittaker).

Expression and purification of recombinant viral protein VP1 {#sec2-3}
------------------------------------------------------------

The rVP1 capsid protein was expressed in *E. coli*, purified and refolded as described previously by Wang *et al.* [29](#bib29){ref-type="ref"}. The concentration of purified viral protein was determined by measuring optical density at 280 nm, and the protein was subjected to Western blot analysis with anti‐FMDV antibody for verification of authenticity. Purified viral protein was then used in ELISA tests as an antigen source.

*In vivo* or *in vitro* gene‐gun‐mediated transgene expression {#sec2-4}
--------------------------------------------------------------

A helium gas‐driven gene gun was used for most *in vivo* and all *in vitro* DNA transfections as previously described [30](#bib30){ref-type="ref"}. Plasmid DNA was precipitated onto 1 or 2 µm gold particles using the spermidine/CaCl~2~ coating method. The DNA/gold particle preparation was coated onto the inner surface of Tefzel tubing in the presence of 0.5 mg/ml polyvinylpyrrolidone (Sigma) and then cut into 0.5 inch segments to be used as DNA cartridges. Each DNA cartridge in this study was made to deliver 0.7 mg of gold particles and 1.75 µg of plasmid DNA. Gene transfer experiments were performed in BHK‐21 cells in culture or mouse and pig skin tissues of test animals. Aliquots of 5 × 10^5^ cells per 35 mm dish were blasted *in vitro* by using the Helios gene gun (Bio‐Rad Laboratories, CA, USA) with a burst pressure of 150 psi. Particle‐mediated DNA delivery *in vivo* to the abdominal skin tissue of test mice and pigs was carried out at a discharge pressure of 350 and 500 psi, respectively. Transfected BHK‐21 cells, mouse and pig skin tissues were harvested at 24 h post‐bombardment, and expression of transgenic VP1 and P1 proteins was detected by immuno‐fluorescence staining and Western bolt analysis with rabbit anti‐VP1 polyclonal antibody.

Gene‐gun‐mediated DNA immunization into mice {#sec2-5}
--------------------------------------------

DNA transfection into skin of test mice or pigs was carried out using the Helios gene gun system. Cartridges containing plasmid DNA (e.g. VP1, L‐VP1 and P1 vectors) were prepared as described above. Three test groups of 6‐ to 8‐week‐old BALB/cByJ (H‐2^d^) mice (Animal Care Center, Taipei, Taiwan) were immunized with the pIBSY1‐VP1, pIBSY1‐L‐VP1 or pIBSY1‐P1 expression vectors. Five mice per group were immunized with test DNA three to five times, each at an interval of 2 weeks.

Electroporation‐mediated DNA immunization into mice {#sec2-6}
---------------------------------------------------

Direct gene delivery by *in vivo* electroporation was performed as previously described by Kadowaki *et al.* [31](#bib31){ref-type="ref"}. Plasmid DNAs (100 µg) in phosphate‐buffered saline (PBS) were injected into the tibialis anterior (TA) muscle of 10‐week‐old BALB/cByJ (H‐2^d^) and immediately electroporated with a pulse of electricity, using a two‐needle array electrode (BTX, San Diego, CA, USA) with 5 mm distances between them. The electrode was inserted longitudinally relative to the muscle fibers and six pulses of 100 V were given by a BTX square wave generator at a rate of one pulse per second, each lasting for 50 ms. Groups of mice (n = 4) were electroporated with plasmid DNAs at 3‐week intervals a total of four times. Serum samples of test mice were collected at day 0 or day 10 post‐vaccination. The vaccinated mice were challenged 3 weeks after the third boosting.

Test of antisera and challenge of adult mice with FMDV {#sec2-7}
------------------------------------------------------

Blood samples of test mice were collected for ELISA tests and virus challenge experiments were performed at day 10 post the booster injections. One group of mice was immunized with an injection of 0.1 ml of a commercially available, conventional FMDV vaccine (Aftopor, serotype O Taiwan; Merial Animal Health Ltd. Biological Laboratory, UK), serving as a positive control for this study, and yet another group of mice receiving no treatment served as negative control. For virus challenge experiments, adult BALB/cByJ mice (H‐2^d^) with or without prior vaccination treatments were injected intraperitoneally with a virus suspension (0.1 ml) containing 10^6^ TCID~50~ virus particles of K strain O/Taiwan/97 FMDV. Blood was withdrawn from the test mice at 0, 1, 2, 3, 4 and 5 days post‐challenge. Individual blood samples (100 µl) were added to BHK‐21 cell cultures and incubated with gentle rocking at 37 °C for 60 min. The cell sheets were then washed twice with medium, and incubated with fresh medium supplemented with 2% fetal calf serum (FCS) for 3 days in the presence of 5% CO~2~. Presence of virus titer in sera of test mice was quantitatively determined by the appearance of cytopathic effect (CPE) of FMDV in BHK‐21 cell cultures. Virus clearance was determined by the absence of virus in sera of test mice at 1 to 2 days post‐challenge.

Measurement of antibody titers in serum {#sec2-8}
---------------------------------------

ELISA was used to determine the titer of anti‐VP1 antibodies. In brief, the purified recombinant VP1 protein in PBS was adsorbed directly onto the Nunc‐Maxisorb immunoplates at a concentration of 1 µg/well overnight at 4 °C. Plates were washed three times with PBST (PBS containing 0.1% Tween‐20) and blocked with 5% skim milk in PBS for 1 h at 37 °C. Sera were tested in fixed dilution series and incubated for 1 h at 37 °C. Plates were washed again and treated with a suitable concentration of biotinylated anti‐mouse or anti‐swine IgG antibodies for 1 h at 37 °C. Subsequently, the plates were washed and streptavidin‐peroxidase (1 : 3000 dilution, Vector, CA, USA) was added to the plates. After incubation for 1 h at 25 °C, the plates were washed again. The enzyme substrate 3,3′,5,5′‐tetramethylbenzidine (Sigma) was then added, and the reaction was carried out at room temperature for 10 min. Finally, an equal volume of 1 N H~2~SO~4~ was added to stop the reaction and absorbance at 450 nm was measured by an ELISA reader.

Assay for neutralizing antibodies {#sec2-9}
---------------------------------

The method described previously by Wang *et al.* [32](#bib32){ref-type="ref"} was employed. In brief, sera from test animals were inactivated at 56 °C for 30 min. Test or control serum samples (50 µl) were added to wells at the end of each row of a 96‐well tissue culture plate, and then diluted in a two‐fold serial dilution across the plates. Fifty microliters of 100 TCID~50~ virus suspensions were added to each well, and the plate was vortexed for 1 min. After incubation at 37 °C in 5% CO~2~ for 90 min, 100 µl of BHK‐21 cell suspension (10^6^ cells/ml) in Eagle\'s MEM containing 8% FCS were added to each well. The plate was incubated for an additional 48 h and the number of survived cells determined. The titer was expressed as the reciprocal of the final serum dilution that resulted in the neutralization of viral activity by 50%.

Immuno‐florescence staining {#sec2-10}
---------------------------

The adherent BHK‐21 cell layers grown on culture plates were washed with PBS and then incubated with polyclonal rabbit anti‐VP1 antibody for 45 min at room temperature. Samples were washed and stained with goat anti‐rabbit IgG‐fluorescein isothiocyanate (FITC). The samples were then analyzed by immuno‐fluorescence microscopy.

Western blot analysis {#sec2-11}
---------------------

The transgenic expression of the FMDV structural protein precursor (P1) was detected immunologically by standard Western blotting analysis. In brief, transfected skin tissues were collected from test animals by excising a small uniform portion of the targeted, gene‐gun‐bombarded skin area. Skin samples were cut with scissors, minced and sonicated within extraction buffer \[0.1% Triton X‐100 and protease inhibitor cocktail (Roche) in PBS\] at 0 °C. Crude tissue extracts were spun at 10 000 *g* for 10 min and mixed with an equal volume of sample buffer. After boiling for 5 min, samples were subjected to 4--12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS‐PAGE), and then transferred to a PVDF (polyvinylidene difluoride) membrane. The blots were blocked using 5% skim milk in PBS and incubated with a home‐made, polyclonal rabbit anti‐VP1 antibody (1 : 5000) in PBS for 1 h at 37 °C. Immuno‐blots were washed three times with PBST and then treated with goat biotinylated anti‐rabbit IgG antibodies (1 : 3000 dilution, Vector, CA, USA) for 1 h at 37 °C. Subsequently, the membranes were washed again and streptavidin‐peroxidase (1 : 3000 dilution) added to test blots. After incubation for 1 h at 25 °C, the membranes were washed again and stained with enhanced chemiluminescent (ECL^™^; Amersham Pharmacia Biotech).

Immuno‐florescence staining {#sec2-12}
---------------------------

The adherent BHK‐21 cell layers grown on culture plates were washed with PBS and then fixed with 3.7% formaldehyde in PBS for 10 min. After washing with PBS and blocking with normal horse serum, cell samples were incubated with home‐made polyclonal rabbit anti‐VP1 antibody (1 : 5000) and 0.1% saponin in PBS for 1 h at room temperature. Test samples were washed again and stained with goat anti‐rabbit IgG‐fluorescein isothiocyanate (FITC) as secondary antibody. Cell samples were then examined and photographed by immuno‐fluorescence microscopy using epilumination with an Olympus fluorescent scope.

Results {#sec1-3}
=======

Construction of cDNA expression plasmid for FMDV vaccine {#sec2-13}
--------------------------------------------------------

The original FMDV serotype O Taiwan preparations were officially and legally provided by the National Institute for Animal Health (Dr. Ming‐Hwa Jong, NIAH, Taiwan) and used for viral RNA extraction and cDNA fragment constructions. By using the P3 laboratory facility at NIAH, we cloned and isolated two FMDV cDNA gene fragments, including the 0.65 kb cDNA encoding the VP1 protein and the 2.2 kb cDNA encoding P1 (i.e. containing VP4, VP2, VP3, and VP1 viral proteins in sequence) as the whole capsid structural protein precursor. For both cDNA fragments, all of the 3′ protease genes and the subsequent 3′ terminal sequences were totally deleted, due to consideration of eliminating potential risks in such a viral DNA vaccine design. For potential future application to livestock animal DNA vaccination, we have adapted, functionally verified, and sequenced a CMV promoter/enhancer sequence and a 'clinical trial‐grade' mammalian gene expression vector system, i.e. the pIBSY1 plasmid vector or the pWRG [33](#bib33){ref-type="ref"}, as guided for use by the Food and Drug Administration, USA, for recommended use in human gene therapy clinical trials. We then subcloned the two test FMDV viral protein cDNA clones into this expression plasmid.

Expression of cDNA expression vectors using gene‐gun‐ or electroporation‐mediated transfection for gene‐based vaccination {#sec2-14}
-------------------------------------------------------------------------------------------------------------------------

By using a luciferase transgene reporter assay, we demonstrated that this pIBSY1‐CMV promoter conferred approximately 35% more transient luciferase activity than a standard commercially available CMV promoter (pNAss; Clontech, Palo Alto, CA, USA), and the pIBSY1‐CMV promoter vector was hence employed for the rest of this study. In order to establish that the Bio‐Rad Helios gene gun system can be effectively applied to the current DNA vaccination experiment, we performed a number of reference tests to verify the efficiency of the mouse skin gene transfection system. With each 1.75 µg of a CMV‐luciferase (Lux) cDNA vector blasted onto mouse skin, 10--25 ng transgenic Lux protein per skin tissue site was obtained at 24 h post‐transfection. In comparison, about 90 ng transgenic Lux proteins per 1 × 10^6^ BHK‐21 cells per 24 h were detected under *in vitro* transfection conditions. A dose of 1--5 ng hAAT cDNA expression vector was shown to produce about 1 ng of transgenic hAAT protein, and this induced readily detectable levels of antibodies against hAAT proteins in gene gun/skin immunized BALB/c mice. These results hence established the efficacy for DNA vaccination using the Helios gene gun. It is also important to note here that these levels of reporter transgene expression obtained with the Helios gun are very close to the levels we have previously established from the Accell^®^ gene gun device [34](#bib34){ref-type="ref"}.

To evaluate the efficacy of gene gun versus electroporation transfection for transgene expression and (DNA) immunization (e.g. the production of antibodies), we used a CMV‐luciferase reporter system and human α‐antitrypsin (hAAT) cDNA vaccination, respectively. The abdominal skin tissues of BALB/cByJ mice (n = 5) were transfected with 6 µg of CMV‐luciferase plasmid DNA with gene gun. Alternatively, muscle tissues of two hind legs of BALB/cByJ mice were transfected with 100 µg of luciferase plasmid DNA (50 µg/leg) via intramuscular injection followed by electroporation. At 20 h post‐transfection, test tissue samples were extracted and luminometer assays performed for luciferase activity. For DNA immunization, CMV‐hAAT cDNA was similarly transfected into mice using these two methods, and mean serum titers of anti‐hAAT antibodies in test mice (n = 5) were assayed with ELISA. From these two experiments (n = 5 mice/test group), we observed that (1) a 1.9‐fold higher transgenic CMV‐Lux activity was obtained from the electroporation method (i.e. 5.53 ± 0.4 × 10^7^ RLU/site) as compared with the gene gun method (i.e. 2.85 ± 0.26 × 10^7^ RLU/site), and (2) a 44‐fold higher anti‐hAAT antibody titer was obtained from the electroporation method (i.e. reciprocal titer at 1142.9 ± 362.8) as compared with the gene gun method (i.e. reciprocal titer at 25.7 ± 9.8). These results imply that transient expression levels of test reporter DNA vaccine transgenes obtained from different DNA delivery methods may not, as an effect on vaccination, reflect proportionally to their efficacy in production of antibodies.

A verified hyper‐immune pig serum provided by NIAH was used as our antibody source. For this study, we generated a recombinant VP1 protein in *E. coli*, and it was purified, refolded and used as an antigen protein for producing anti‐VP1 antibody. Standard ELISA and Western blot analysis were used for verification and quantification of the transgenic VP1 or other viral proteins. As shown in Figure [1](#fig1){ref-type="fig"}, transgenic expression of VP1 protein was effectively detected in BHK‐21 cells (Figures [1](#fig1){ref-type="fig"}A and [1](#fig1){ref-type="fig"}B) and mouse skin tissue (Figures [1](#fig1){ref-type="fig"}C and [1](#fig1){ref-type="fig"}D) when they were gene‐gun‐transfected using the VP1 cDNA expression vector (pIBSY1‐VP1). One day after transfection, *in vivo* expression of transgenic FMDV VP1 and P1 polypeptide in pig skin tissue had an apparent molecular weight of 26 000 and 81 000, respectively, as predicted and experimental results obtained by Western blot analysis with anti‐VP1 antibody (Figure [2](#fig2){ref-type="fig"}). Since only the anti‐VP1 antiserum was available for this study, we were unable to evaluate the expression of VP2, VP3 and VP4 proteins in our experiments.

![Transgenic expression of FMDV/VP1 protein *in vitro* (A, B) in baby hamster kidney (BHK‐21) cell cultures and *in vivo* (C, D) in mouse skin tissues, as detected by indirect immuno‐fluorescence staining. Control (empty) cDNA vector (A, C) and VP1‐expressing cDNA vector (B, D) were transfected into correspondent target cells/tissues. Transfected BHK‐21 cells and mouse skin tissues were harvested 24 h post‐bombardment, and expression of transgenic VP1 protein was detected by immuno‐fluorescence staining with polyclonal rabbit anti‐VP1 antibody. Details of experimental procedures/assays are as described in '[Materials and methods](#sec1-2){ref-type="sec"}'](JGM-7-708-g003){#fig1}

![Western blot analysis of transgenic FMDV VP1 and P1 proteins via gene‐gun‐mediated transfection into pig skin tissue. The VP1 cDNA (lanes 1--4), and P1 cDNA expression plasmids (lanes 5--7 and 9), were transfected into pig abdominal skin tissue via gene gun delivery. Lanes 8 and 10 were molecular markers (94, 67, 45 and 20.1 kDa) and control, respectively. The blasted skin tissues were collected 24 h post‐bombardment, and transgenic expression of VP1 and P1 polypeptide detected by Western blot analysis as described in '[Materials and methods](#sec1-2){ref-type="sec"}'. Expression of P1 protein in experiment 2 was detected at a much increased abundance as compared to those detected in experiment 1. Apparent non‐specific binding of two high molecular weight bands was detected for both untreated and P1‐transfected pig skin tissues in experiment 2](JGM-7-708-g002){#fig2}

An adult mouse system for virus challenge and clearance of FMDV {#sec2-15}
---------------------------------------------------------------

Previously, researchers have reported the use of pigs [35](#bib35){ref-type="ref"}, guinea pigs [26](#bib26){ref-type="ref"}, [36](#bib36){ref-type="ref"} or suckling mice [37](#bib37){ref-type="ref"} as animal models for vaccination and viral challenge experiments with FMDV. FMDV replicates in the cytoplasm of host cells and new virus particles are generated in large numbers within the cytosol. With time, the infected cells are destroyed and new virus particles released to infect other cells. In this study on an adult mouse (2--3 month old) system, we found that infecting FMDV first appeared in test mouse blood for only a few minutes, and replicated in the blood at 8--15 h post‐inoculation with 10^6^ TCID~50~ virus particles via intraperitoneal (IP) injection. However, the virus titer then decreased and was eventually cleared in the serum of test mice after an additional 3--5 days. We then found that BALB/c mice first immunized with a commercially available, killed virus vaccine or the current DNA vaccine strategy and then inoculated with highly infectious FMD virus, viremia, cleared the virus in 1--2 days, instead of the 3--5 days in the control or non‐vaccinated mice (Figure [3](#fig3){ref-type="fig"}). As no symptoms were detectable in FMDV‐infected mice, this adult mouse challenge model was based on the cytopathic effect (CPE) assay of the clearance of virus particles in serum collected 1--6 days post‐intraperitoneal injection of the challenging FMDV. Using this protocol, we observed that virus particles were routinely and totally cleared in 1--2 days for 100% of test mice vaccinated with commercially obtained killed virus vaccines. In contrast, both the naive and the empty vector‐immunized mice routinely (70--100%) still suffered high or medium levels of viremia during the first 1--3 days after viral challenge (Figure [3](#fig3){ref-type="fig"}). This result suggested strongly that there was little or no virus replication in the vaccinated mice. This adult mouse system thus provided a convenient and quick assay for the evaluation of molecular DNA vaccine strategies against FMDV (see below).

![Vaccination and virus challenge with FMDV in an adult mouse system. Adult BALB/cByJ mice were treated with or without prior vaccination with commercially available, inactivated vaccine, and then injected intraperitoneally with a suspension containing 10^6^ TCID~50~ virus particles of K strain O/Taiwan/97 FMDV. Blood samples were withdrawn from test mice at 0, 1, 2, 3, 4, 5 and 6 days post‐challenge. Individual blood samples (100 µl) were added to BHK‐21 monolayer cultures and the presence of virus in sera of test mice was determined by the appearance of cytopathic effect of FMDV in BHK‐21 cells as described in '[Materials and methods](#sec1-2){ref-type="sec"}'](JGM-7-708-g001){#fig3}

Immunogenicity and potency of DNA vaccine {#sec2-16}
-----------------------------------------

Six‐ to eight‐week‐old, cohort BALB/c mice were systematically vaccinated using the Helios gene gun with VP1, L‐VP1 or P1 cDNA expression vectors. More than 200 BALB/c or C57 mice under various experimental conditions have been skin‐vaccinated via gene gun in a series of experiments, with a regime of one prime (day 0) and two booster (days 14 and 28) DNA transfections. Test mice were monitored, and pre‐immune and post‐immune sera collected and analyzed for transgenic VP1 antigen protein expression, and for production of neutralizing antibodies in test mice. We observed that DNA vaccination with plasmid vector expressing VP1 alone routinely induced very low levels of anti‐VP1 antibodies and no detectable levels of virus‐neutralizing antibody activities in all test mice, providing a very important negative baseline for this study (Tables [1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}). Replicate (\>6) experiments were performed and up to 60 mice tested for the VP1 results shown in Table [2](#tbl2){ref-type="table"}; similar results were always obtained. In contrast, however, skin DNA vaccination with a cDNA construct expressing the precursor polypeptide of the four FMDV capsid proteins (VP4‐1), namely P1, induced antibodies against the VP1 protein as well as neutralizing antibodies against the FMDV, and resulted in a significant protective immunity (virus clearance) in test mice (Table [2](#tbl2){ref-type="table"}). Other than gene‐gun‐mediated *in vivo* gene transfer, intramuscular injection of DNA followed by *in situ* electroporation is another physical means for effective gene vaccination in experimental animal systems. Table [3](#tbl3){ref-type="table"} shows that a very similar result was obtained from the electroporation‐mediated DNA immunization method as compared with the gene gun method. Neutralizing antibody titers and virus clearance in test mice were detected after immunization with P1 cDNA plasmids by *in vivo* electroporation delivery into muscle tissue. Furthermore, these results, obtained from two independent gene delivery methods, were obtained without the use of FMDV viral protease‐encoding genes in DNA co‐transfection/vaccination, i.e. the 2A or 3ABC protease‐expressing cDNA genes of FMDV were not included for transgene expression in the current vaccinating‐DNA vector construct. In one P1 cDNA immunized mouse in this experiment, the anti‐VP1 antibody ELISA titers and the anti‐viral neutralizing antibody titers were found to be as high as 26 500 and 256, respectively. In the mouse challenge experiment, 80--100% mice immunized with this P1 cDNA expression plasmid were found to be effectively and quickly cleared of the infecting FMDV particles, whereas control animals could not clear virus rapidly (Tables [2](#tbl2){ref-type="table"} and [3](#tbl3){ref-type="table"}).

###### 

Comparison of antibody response levels in test mice following gene‐gun‐mediated skin transfection with expression plasmids encoding VP1, L‐VP1 or P1 cDNA of FMDV

  cDNA vector                            Relative antibody level in sera of 6 different test mice[a](#fn1){ref-type="fn"}                               
  -------------------------------------- ---------------------------------------------------------------------------------- ------ ------ ------ ------ ------
  None                                   0.00                                                                               0.00   0.00   0.00   0.00   0.00
  Vector only                            0.00                                                                               0.00   0.00   0.00   0.00   0.00
  pIBSY1‐VP1 (soluble form)              0.01                                                                               0.00   0.01   0.01   0.00   0.04
  pIBSY1‐L‐VP1 (membrane‐bound form)     0.26                                                                               0.22   0.31   0.30   1.80   2.30
  pIBSY1‐P1 (capsid precursor protein)   0.36                                                                               0.30   0.32   0.20   0.25   1.60

Recombinant VP1 proteins were coated at 1 µg/well to 96‐well microplates. Mouse sera were prepared from blood samples and added to microwells at 1 : 100 dilutions. ELISA tests were developed using 3,3′,5,5′‐tetramethylbenzidine (TMB) as substrate for peroxidase, and stopped with 1 N H~2~SO~4~, and absorbance values read at OD 450 nm.
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###### 

Neutralizing antibody titer and virus clearance in mice receiving cDNA plasmids by *in vivo* gene gun delivery post 3^rd^ boosting

  cDNA vector   Anti‐rVP1 titer   NA titer[a](#fn2){ref-type="fn"}   Virus clearance[b](#fn3){ref-type="fn"}
  ------------- ----------------- ---------------------------------- -----------------------------------------
  None          30 ± 5            0                                  0/5 (0%)
  pIBSY1        30 ± 5            0                                  0/5 (0%)
  pIBSY1‐VP1    98 ± 79           0                                  0/5 (0%)
  pIBSY1‐P1     5420 ± 11 784     52 ± 114                           4/5 (80%)

The titer of neutralizing antibodies (NA titer) of each test mouse is expressed as a reciprocal of the final dilution of test serum that caused a 50% reduction in test virus titer as described in '[Materials and methods](#sec1-2){ref-type="sec"}'. The background (negative control) value of our CPE test in NA titer assay (as detected at the highest serum concentration tested) was measured at ≤3, and this value was used as a background for substration of the NA titers of other tested samples.

The clearance of virus was determined by the absence of virus in the serum of test mice at 48 h after FMDV challenge and expressed as a ratio of the number of viremia‐free mice/number of challenged mice.
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###### 

Neutralizing antibody titer and virus clearance in mice receiving DNA plasmids by *in vivo* electroporation delivery post 3^rd^ boosting

  cDNA vector   Anti‐rVP1 titer   NA titer^*a*^   Virus clearance^*b*^
  ------------- ----------------- --------------- ----------------------
  None          N.D.              0               0/5 (0%)
  pIBSY1        30 ± 5            0               0/5 (0%)
  pIBSY1‐VP1    2029 ± 999        0               0/5 (0%)
  pIBSY1‐P1     1364 ± 2680       10 ± 22         8/8 (100%)

The assays and analyses of NA titer^*a*^ and virus clearance^*b*^ are the same as described under Table [2](#tbl2){ref-type="table"}. N.D.: not determined.
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Discussion {#sec1-4}
==========

Since DNA vaccine by design often makes use of only a limited fragment of the viral genomic cDNA, there is hence little chance for 'live' viral infection that would otherwise often happen by the contamination of live virus that escapes during the inactivation process for making vaccines. The reason we designed the DNA vaccine vector without incorporating the protease‐encoding genes was based on safety considerations, because an exact processing of the viral capsid proteins can create authentic viral capsids by processing with specific viral proteases, and we envision this in turn might generate novel recombinant virus in the host with other types of virus, e.g. at the virus assembly level. There are speculations that the severe acute respiratory syndrome (SARS) virus may be generated as a 'hybrid' virus between human and wild animal coronaviruses [38](#bib38){ref-type="ref"}. The current DNA vaccine strategy we believe may eliminate such a remote possibility.

The suckling mice protection assay has previously been employed as a useful method in vaccine studies of FMDV, by serving as an indicator of neutralizing antibodies present in the adult test mouse serum, and it has been shown to confer a good correlation with the protection assay [37](#bib37){ref-type="ref"}. In this study, we instead have established a similar but more convenient and faster assay method for the challenge and clearance of FMDV using only the adult mouse system. As seen in Figure [3](#fig3){ref-type="fig"}, we have repeatedly observed that, as compared with the control set mice (no vaccination), a virus clearance that is 2 to 3 days earlier, or a total lack of FMD virus titer, can be effectively obtained from vaccinated mice that are either immunized with the current P1 DNA vaccine or the commercially available, inactivated virus vaccine. This assay, just like a 1--3 day transient transgenic luciferase activity assay, may hence serve as an efficient, large sample number, surrogate assay system for future studies on virus challenge, clearance and protection against the FMDV systems.

As we have shown in Figure [3](#fig3){ref-type="fig"} and other related experiments, this short viremia period was detected in our study by using a protocol of employing a virus titer (dosage) of 10^6^ TCID~50~ virus particles of K strain O/Taiwan/97 FMDV and the adult BALB/cBYJ (H‐2^d^) mice as host animals. In the present study, the 2--3 day shorter period for viral clearance has proved as experimentally distinguishable and useful in our assays of not just DNA vaccines, but also in studies of peptide vaccines against FMDV, as we previously reported [26](#bib26){ref-type="ref"}. These results show that this assay is sensitive enough for a spectrum of studies on vaccine efficacy. It would be interesting to investigate in future studies whether various anti‐FMDV vaccines or vaccines at different vaccination dosages that confer a substantial difference in viral clearance activities or vaccine efficacy in pigs could also be effectively distinguished from each other within very specific time points of this 2--3 day period of our current mouse model. So far, we have not accumulated enough data to evaluate this possibility. Since there is an apparent correlation between the viral clearance activity and the production of neutralizing antibodies [29](#bib29){ref-type="ref"}, we believe it may also be desirable to correlate the viral clearance time with the titers of neutralizing antibodies. Future experiments will be necessary to assess these possibilities.

With the current adult mouse system, we show that the whole P1 of the FMDV capsid protein‐encoding cDNA sequence without the presence (i.e. co‐expression) of viral proteases, but not the VP1 protein by itself, can elicit a significant level of neutralizing antibodies and confer an effective level of protection against viral challenge with FMDV. Previous studies have shown that the whole virus particle or an 'authentic' empty capsid assembly was very important for induction of neutralizing antibodies and protection against viral challenge [21](#bib21){ref-type="ref"}, [22](#bib22){ref-type="ref"}, [23](#bib23){ref-type="ref"}. In comparison, our current result on the efficacy of P1 DNA vaccine but the lack of it for the VP1 DNA vaccine may be explained by the following possibilities. Firstly, the transgenic VP1 protein produced in mouse epidermal cells cannot serve as an effective immunogen in our study, yet, in contrast, the VP1 and/or P1 protein moiety(s) from the multiple subunit polyprotein of VP‐4, ‐2, ‐3 and ‐1 (as a single chain transgenic P1 protein) can however serve as a potent immunogen, presumably by presenting as a different protein folding as the 'free or single unit' VP1 transgenic protein. Secondly, the transgenic P1 protein, consisting all of the FMD protein components of the virus capsid, may be able to form some kind of modified capsid‐like structural assemblies or protein aggregates in test mouse skin cells, effecting as a strong viral immunogen. A third possibility is that endogenous protease (e.g. chymotrypsin) activities of mouse host cells may process the P1 transgenic protein into efficacious configurations or conformations, resulting in production of VP1, P1 or other viral proteins with novel (non‐authentic) foldings, and these can serve as potent viral protein epitopes. Western blot analyses (Figure [2](#fig2){ref-type="fig"}) showed that the P1 precursor polypeptide can be transiently expressed between low (for Exp.‐1) to readily (for Exp.‐2) detectable levels. In Exp.‐2, different animals from Exp.‐1 were used, and we observed an increased abundance of P1 protein. For both experiments, correct size and transgenic VP1 protein, derived by 'host cell' processing, were clearly detected at high levels in test pig skin tissues that were gene‐gun‐transfected with the P1 cDNA expression constructs. These results suggest that authentic and intact transgenic P1 and VP1 viral proteins were produced in immunized animals. Xing *et al.* [39](#bib39){ref-type="ref"} have studied the interactive, multiple domains of the FMDV for involvement of VP3, ‐2 and ‐1 proteins on the topical structure of FMDV. Their findings and our collaboration with them in this study led us to suggest that capsid‐like protein aggregates or 'virus‐like particles' (VLP) from transgenic P1 products may exist transiently or at relatively low frequency. Future studies using scanning electron microscopy and protein biochemistry techniques will be required to discern the actual molecular mechanism.

The immunogenicity of capsid protein VP1 has been shown to be conferred mostly from the G‐H loop of VP1 [40](#bib40){ref-type="ref"}, [41](#bib41){ref-type="ref"}. In comparison with our previous work on the immune response obtained from the *E. coli*‐produced, recombinant capsid protein VP1 [29](#bib29){ref-type="ref"}, we have observed in this study that the DNA vaccines encoding VP1 or P1 protein were much (10--100‐fold) less immunogenic than an equivalent dose of the VP1 antigen preparation administered in the form of recombinant protein in mice. Throughout multiple independent experiments, using both gene‐gun‐ and electroporation‐mediated DNA vaccinations with a plasmid vector expressing only the VP1 cDNA, no detectable effect on the production of anti‐viral neutralizing antibodies and virus clearance in a total of 60 VP1 tested mice has been seen (Tables [2](#tbl2){ref-type="table"} and [3](#tbl3){ref-type="table"}). The lack of any immune response to the VP1 cDNA vaccine, as compared to the P1 cDNA vaccine, may due to a number of reasons: first, the lack of appropriate folding of transgenic VP1 in test mouse skin tissue or tibialis anterior (TA) muscle; second, antigen presentation of the VP1 protein is not favored in test skin or muscle tissues; third, a very short half‐life or inappropriate transgenic protein processing of the expressed VP1 antigen in test host cells; and fourth, the immune response of the Th2 pathway in skin tissue or TA muscles may be too low to result in a threshold activity. Future studies will be needed to investigate these possibilities.

In summary, we have shown that FMDV can replicate in the blood of test mice after an infection with an intraperitoneal injection of 10^6^ TCID~50~ virus particles. By expressing only a four FMDV capsid protein sequence as a single polypeptide molecule (P1) from a cDNA vector via skin or muscle DNA vaccination, we could elicit a significant immune response (i.e. neutralizing antibody) against FMDV, providing protection against viral challenge in an adult BALB/c mouse system. The current experimental system creates the potential for future studies on a complete set of viral capsid proteins as precursor molecules for DNA vaccination. This and related molecular strategies for developing future FMDV or other virus DNA vaccines, and for research into molecular mechanisms of the target virus (e.g. host cell processing and assembling of P1 protein components without viral proteases), could be investigated using the current gene delivery/mouse evaluation system.
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